Abstract
. As a stand matures, small-scale canopy disturbances and tree growth generate complex 44 horizontal and vertical structure (Spies and Franklin 1988 , Lertzman et al. 1996 , Franklin et al. 45 2002 . Such small-scale canopy disturbances increase the availability and heterogeneity of 46 understory resources such as light (Runkle 1984 , with consequences for the 47 productivity, composition, and diversity of understory vegetation (Denslow 1985 , Mladenoff 48 1990 , McCarthy 2000 . Conversely, understory vegetation may influence tree recruitment, gap 49 filling, and stand dynamics Franklin 1989, Royo and Carson 2006) . For example, in 50 some forests Rubus spectabilis Pursh invades forest openings, inhibits conifer regeneration, and 51 may be able to maintain persistent canopy openings (Henderson 1978 , Minore and Weatherly 52 1994 , Tappeiner et al. 2001 . Similar processes have been observed with Acer circinatum Pursh 53 (McGhee 1996) among other understory plants (Royo and Carson 2006) -hereafter referred to as 54 the persistent gap hypothesis. 55
Dividing the forest into coarse classes of gap and closed canopy provides a first approximation 56 of canopy openness and within-stand resource heterogeneity. However, despite the sometimes 57 stark differences in canopy openness between gaps and closed canopy patches (e.g., Levey 58 1988) , the fine-scale patterns and processes of light transmission are often more complex than 59 can be adequately described by this dichotomy (Lieberman et al. 1989) . This is particularly true 60 in higher latitude temperate forests where the ubiquitous effects of topography (Canham et al. 61 1990) are accentuated by tall canopies and sub-canopy layers, resulting in the footprint of light 62 D r a f t 3 transmission sometimes being displaced substantially from the actual canopy opening (Van Pelt 63 and Franklin 2000) . The original binary gap concepts and methods also begin to break down for 64 large opennings (e.g., 1000 m 2 according to Schliemann and Bockheim 2011) and very open 65 forests (Zhu et al. 2015) . Treating the distribution of understory light as a continuous variable 66 increases our ability to resolve and interpret the spatial patterns of light and potential drivers of 67 understory vegetation (Lieberman et al. 1989 , Frelich et al. 2003 . 68
Riparian forests of the Coastal Temperate Rainforest (CTR) of North America (Schoonmaker et 69 al. 1997 ) are among the most productive forests on the continent, with mature floodplain stands 70 attaining among the highest canopy volumes on earth (Van Pelt et al. 2006) . These forests 71 support high understory vegetation biomass, tend to have higher plant species diversity than 72 upland forests (Gregory et al. 1991; Pabst and Spies 1998) , and support vigorous populations of 73 culturally-important plant species (Turner 1998) . Floodplain forests in the CTR also provide 74 valuable habitat for a diversity of terrestrial wildlife, and interact with river systems in ways that 75 create and maintain salmon habitat and linkages between terrestrial and marine ecosystems 76 (Naiman et al. 2010) . Floodplain forests also have significant timber value. In the CTR of British 77 Columbia, floodplain forests have been preferentially harvested compared to upland forests 78 (Pearson 2010) due to their productivity, timber quality, and accessibility. The BC Conservation 79
Data Centre has assigned a conservation status of imperiled or higher to most coniferous 80 floodplain communities in the CTR (BC CDC 2017 
Materials and Methods

89
Site descriptions 90
We studied two sites in the submontane variant of the very wet maritime subzone of the Coastal 91
Western Hemlock zone (CWHvm1) of the British Columbia coast (Meidinger and Pojar 1991) (Green 102 and Klinka 1994) . Typical high bench floodplains are classified as infrequently flooded sites 103 (return interval >5 yr) (Green and Klinka 1994) . Soils at the two sites are derived from fine 104 textured alluvium (>70 cm depth) with varying degrees of humus development. Across the 105
Kitlope site there was evidence of a recent low energy flood: during sampling there were silt 106 D r a f t 5 lines up to 1 m on tree boles and ~ 1 cm of fresh silty alluvium over most of the forest floor, 107 under only ~ 0.5 cm of organic litter. Understory vegetation in each site is characterized by high 108 total shrub layer cover (median >75%) dominated by Rubus spectabilis (median ≥55%). In each 109 stand, the largest overstory trees are Picea sitchensis (Bong.) Carr., with several individuals 110 taller than 60 m in height (max 62 to 93 m). Based on coring a sample of main canopy trees, 111 stand age at Kitlope is at least 95 years. Stand age at Carmanah is at least 350 years, based on a 112 core from a 50 m tall P. sitchensis (the largest trees could not be cored with the available 113 increment borer). Floodplain forests in the CTR can develop a degree of old-growth character 114 much earlier than upland forests (Van Pelt et al. 2006) , and despite differences in age, both the 115 Kitlope and Carmanah stands exhibit attributes of "old-growthness" (Wells et al. 1998 , Franklin 116 et al. 2002 including very large trees, open and structurally diverse canopies, and productive 117 understory vegetation. 118
Sampling 119
Each site consists of a 100 m x 100 m (1 ha) plot in which all trees ≥5 cm diameter at breast 120 height were mapped and measured ( Figure S1 , Supplementary material 1 ). We sampled 121 understory vegetation in 25 subplots (2 m x 2 m) systematically distributed on a regular grid in 122 each site and took hemispheric canopy photographs at 50 points on a regular grid, including in 123 all vegetation subplots. Subplots had a minimum separation of 20 m and canopy photos had a 124 minimum separation of 14 m. In subplots, we estimated percent foliar cover of all shrubs and 125 herbs by species, based on a vertical projection to the ground. 126 1 Supplementary material for this article is available through the journal Web site.
We recorded canopy cover class (closed canopy, expanded gap, canopy gap) following the 127 methods of Lertzman and Krebs (1991) . Using this method allowed us to compare our sites to 128 other CTR forests in the literature. An opening in the forest canopy was defined as a canopy gap 129 if it exceeded ½ an average tree crown width in diameter. Expanded gap refers to the region 130 from a canopy gap boundary (crown margins) to a line connecting the boles of trees whose 131 canopies define the canopy gap. Closed canopy refers to the area beyond the boundary of an 132 expanded gap. Trees ≥10 m tall, with DBH ≥22 cm, were considered canopy trees, following 133 Lertzman and Krebs (1991) . More recent methods for defining canopy gaps -particularly 134 minimum and maximum gap sizes -depend on the height of canopy trees surrounding a gap 135 (Zhu et al. 2015) . However, these more complex techniques still result in a dichotomous 136 characterization of canopy openness and would prevent direct comparison of our results to 137 earlier studies in the region. 138
We defined gap origin (developmental, edaphic, unknown origin) following the methods of 139 Lertzman et al. (1996) . Gaps of developmental origin have evidence of a gapmaker: a tree that 140 died to create the gap. Edaphic origin gaps are openings associated with edaphic conditions (e.g., 141
stream channel, rock outcrop, or thin soil); gapmakers may be present but cannot, on their own, 142 explain the opening (Lertzman et al. 1996) . Gaps of unknown origin are openings not obviously 143 associated with tree mortality or edaphic conditions. 144
To estimate light transmission to the understory as a continuous variable, we took hemispheric 145 canopy photographs above the shrub layer at each photo point, using a Cannon 5D digital SLR 146 camera and a Sigma 8-mm fisheye lens. Photos were taken above the shrub layer to ensure a 147 clear view of the overstory (lens height 180 ± 5 cm at Carmanah; 195 ± 5 cm at Kitlope). The 148 lens was leveled and oriented north. We registered the north position in the image with a small 149 D r a f t 7 LED light mounted on a lens plate. Shrub foliage above the lens was pulled away from the field 150 of view. Auto exposure bracketing was generally used to record images at three exposures -we 151 selected the highest contrast image that still maintained small gaps near the horizons (Frazer et 152 al. 2000a 
Data preparation and processing 161
We used Gap Light Analyzer Version 2.0 (GLA 2.0) (Frazer et al. 2000a ) to estimate light 162 transmission, canopy openness, and leaf area index from canopy photographs. Site-specific 163 configurations were used for elevation, latitude, longitude, and growing season, and subplot 164 specific configurations for slope, aspect, and topographic shading. To increase the accuracy of 165 light estimates, we calculated monthly cloudiness index, spectral fraction, and beam fraction 166 based on solar radiation data collected at the most representative coastal meteorological station 167 with solar radiation data (Port Hardy) using equations provided with GLA (Frazer et al. 1999) . 168
Growing season start and end dates were inferred from a combination of expert opinion (K. 169 Lertzman and A. MacKinnon) and local climate normals for growing degree-days (degree-days 170 above 5°C) and the frost-free period. Finally, we calibrated GLA for the Sigma 8-mm F3.5 171 D r a f t 8 fisheye lens by using 24 calibration data points provided by Sigma Corporation to define a 172 custom projection transformation in GLA (Frazer et al. 1999) . 173 GLA requires a manual image thresholding procedure to designate each pixel as sky or non-sky. 174
We used two thresholding rules. First, even the lightest vegetation tones were designated as non-175 sky. Second, we used regional thresholding (Frazer et al. 1999 ) to avoid loss of smaller gaps near 176 the horizon, or conversely, loss of fine foliage adjacent to open sky. To provide an indication of 177 precision with light transmission estimates, we re-processed GLA estimates from nine 178 photographs. Differences in percentage full sun estimates between runs were 0.31% full sun on 179 average and were never more than 3% full sun. 180
As measures of subplot species diversity, we calculated richness (S), evenness (E), and 181 dominance (Ls) using PC-ORD 5 (McCune and Mefford 2006) . Species richness is the number 182 of species. Evenness -how evenly cover is distributed among species -is calculated as E = H / 183 ln(S) (Pielou 1969) where H is Shannon diversity index H = -∑(p i ln(p i )) and p i is the proportion 184 of cover in the ith species (p i =n i /N) (Gurevitch et al. 2002) . Dominance expresses the probability 185 that two randomly chosen individuals belong to the same species, calculated as Ls = D-1 186 (Gurevitch et al. 2002) where D is Simpson's diversity index D = 1-∑(p i 2 ). 187
We calculated derived measures of edaphic conditions for each subplot. Distance to the nearest 188 waterbody (small channels) was estimated from a fine-scale field-drawn map of waterbodies. We 189 Furthermore, a recent wind disturbance at Carmanah substantially affected three subplots via the 201 direct influence of overstory removal and slash accumulation. These subplots were subjected to a 202 sensitivity analysis and removed from subsequent vegetation analysis -an effort to control for 203 the temporal lag of understory vegetation response to canopy disturbance (e.g., Nicotra et al. 204 1999) . At Kitlope, one subplot was omitted because it was in a small waterbody. 205
Analysis 206
We used ESRI's ArcGIS to generate maps of the spatial distribution of understory light and 207 overstory trees. We used a tension spline interpolation to visualize light gradients between 208 sample points. This interpolation method creates a smooth, minimum curvature surface that 209 passes exactly through the data points. 210
We used linear correlation analysis to examine relationships among measures of light 211 transmission, vegetation structure, and diversity. Because a number of the vegetation and 212 environment variables in the dataset show positive spatial autocorrelation at 20 m (Giesbrecht 213 2010) , potentially inflating Type I error rate for the correlation analysis (Legendre and Legendre 214 1998), we used Dutilleul's procedure in PASSaGE v2 (Rosenberg 2009 ) to correct for the effect 215 of spatial autocorrelation on t-tests of correlation significance (Dutilleul 1993) . 216
Non-metric multidimensional scaling (NMS) (Mather 1976 , Kruskal 1964 ) was used to describe 217 variation in species composition on multivariate axes. We conducted the NMS with the Sørensen 218 (Bray-Curtis) distance measure, using the autopilot mode in PC-ORD 5 (McCune and Mefford 219 2006) with the "slow and thorough" setting. To aid interpretation, we rotated the resulting 220 ordination graphs to maximize the correlation of Axis 1 with percentage full sun (McCune and 221
Grace 2002). Axes 2 and 3 thus describe compositional variation that is virtually independent of 222 light. After applying the rotations, we used correlation coefficients and ordination diagrams to 223 describe the compositional axes in terms of species abundances and to examine relationships 224 between compositional axes and environmental variables. We assessed the quality of the NMS 225 solution, based on the proportion of variance in the original data represented by each axis and the 226 three axes cumulatively. This proportion was computed using the Sørensen (Bray-Curtis) 227 distance measure. 228
Prior to conducting the NMS ordination, we prepared the community dataset following McCune 229 and Grace (2002). We deleted rare species: those with less than five occurrences. We applied a 230 relativization to species abundances because our interest is more in compositional than structural 231 changes. Specifically, we relativized by species maximum, which balances the emphasis on 232 dominant species and species with lower abundances. Finally, we applied an arcsine square root 233 transformation to all species to reduce the positive skew that characterizes community data. 234
Results
235
Stand composition and development 236
Both stands have a small number of large to very large Picea sitchensis trees -presumably the 237 pioneer cohort ( original data and is not meaningfully correlated with the edaphic variables we measured (Table  312 4). 313
Cover of understory layers and species diversity in relation to light 314
The covers of herb and shrub layers show differing degrees of correlation with light transmission 315 through the canopy. As expected, shrub cover is positively correlated with light transmission at 316 both sites (r=0.48, P Dut =0.02 Kitlope; r=0.63, P Dut =0.008 Carmanah) ( and Carmanah (r= 0.73, P Dut =0.002). Correspondingly, R. spectabilis cover is negatively 336 correlated with species eveness (E) at both sites (Table 5) Vancouver Island (Frazer et al. 2000b) . Similarly, our study sites have very high incidence of 354 locations classed as canopy gap and expanded gap (92% at Kitlope, 98% at Carmanah) compared 355 to the Tofino Creek watershed on West Vancouver Island (56%; Lertzman et al. 1996) and 356 snowy subalpine rainforests on the BC south coastal mainland (70%; Lertzman and Krebs 1991) . 357
By contrast, mean light transmission at Carmanah and Kitlope is markedly lower than reported 358 for a number of old-growth boreal forests in Quebec (27%; ) and northern 359 BC (26.7%; . 360
Such comparison of floodplain canopy openness and light transmission to a broader range of 361
forests is complicated by methodological limitations. For example, the classic canopy gap 362 definition we used includes some opennings that are small compared to the height of surrounding 363 trees, and may not meet recent recommendations for minimum size criteria (Zhu et al. 2015) . 364
This underscores the merits of using approaches such as hemispheric photography for global 365 comparisons of canopy openness and light transmission. However, practical constraints dictate 366 that hemispheric photographs can only be used to sample a small proportion of a landscape. By 367 contrast, emerging applications of airborne laser scanning promise unprecedented capacity to 368 compare hemispheric measures of canopy openness over large areas and at multiple scales (e.g., 369 Moeser et al. 2014) . In many forests, the processes of mortality, recruitment and growth result in increasing levels of 395 structural and environmental heterogeneity over time (Franklin et al. 2002) . We find that fine 396 scale mapping provides a compelling visual synthesis of the within-stand spatial heterogeneity of 397 canopy structure (canopy openness, canopy cover class, tree locations and sizes) and 398 environmental conditions (understory light) created by stand development and disturbance 399 abundance (Tappeiner et al. 1991 , Tappeiner et al. 2001 . As a consequence, point level species 428 diversity in our study decreased with increasing cover of R. spectabilis. However, despite the 429 adaptations of R. spectabilis, our results suggest that its dominance of bright patches is not a 430 foregone conclusion in the presence of R. bracteosum and Sambucas racemosa. 431
While some species thrive in the brightest microsites, others reach greatest abundance in the 432 shade of overstory trees (e.g., Oplopanax horridus, Dryopteris expansa, Blechnum spicant, and 433
Osmorhiza berteroi). O. horridus increases abruptly in shadier microsites at Kitlope and is never 434
abundant above about 20% light transmission -despite the fact that O. horridus can be observed 435 thriving in much brighter environments elsewhere (Burton 1998 stand. We suggest that a shade refuge is an example of the broader phenomenon of spatial 441 refuges for diversity. Keppel et al. (2012) define refuges as "places that through structures or 442 processes provide shelter from disturbances, predation, herbivory or competition." Examples of 443 spatial refuges for plants include rock-outcrops functioning as refuges from herbivores (Chollet 444 et al. 2013 ) and hummocks functioning as refuges from invasive plant competitors in serpentine 445 grasslands (Gram et al. 2004) . 446
Analysis of the Kitlope and Carmanah floodplain plots supports the assertion of Pabst and Spies 447 (1998) that overstory structure and light transmission are important drivers of understory 448 composition within riparian stands. In their study, overstory structural measures were correlated 449 with understory vegetation composition along streamside-to-hillslope topographic gradients and 450 were interpreted as proxies for light. Our results build on this idea by confirming that when 451 floodplains are examined independent of hillslope sites, light transmission is still correlated with 452 understory composition patterns at a fine scale within stands. 453
Despite the strong environmental correlates of understory composition, much variation in 454 understory composition remains unexplained. This is common for studies that examine 455 environment-composition relationships within forest understories (Frelich et al. 2003, Chávez 456 and Macdonald 2010). It is also not surprising that plant communities are not in equilibrium with 457 their (light) environments within dynamic, fluvially influenced stands. Other than the light, 458 edaphic, and vegetation properties we measured, processes that could play a role in structuring 459 floodplain plant communities at this spatial scale include chance colonization events, disturbance 460 (e.g., wind and tree-fall), the interaction of topography and flooding (Menges and Waller 1983, 461 D r a f t 21 Little et al. 2013) , ungulate herbivory (Woodward et al. 1994 , Stockton et al. 2005 , ground 462 water upwelling (Mouw et al. 2009 ), salmon derived nutrients (Hocking and Reynolds 2011) , 463 overstory composition (Pabst and Spies 1998) , and below-ground interaction with trees (e.g., 464 Lindh et al. 2003) . 465
Persistent patterns of openness: feedbacks on stand dynamics and canopy structure 466
The dominance of light-associated understory shrubs may also play a role in shaping the patterns 467 and dynamics of stand structure. At both Kitlope and Carmanah, shrubs are abundant, but 468 regenerating conifers are sparse -despite light transmission levels more than sufficient for 469 growth of at least some of the conifers present in the stand (Wright et al. 1998, Drever and gap-phase stand dynamics has been described for a wide range of forests (Royo and Carson 475 2006) . At the scale of the CTR region, the importance of persistent shrub gaps might vary with 476 the intensity of herbivory, as high densities of ungulates have dramatically altered understory 477 vegetation at some locations (e.g., Woodward et al. 1994 , Stockton et al. 2005 . 478
Typical gap-phase processes are said to promote a spatially and temporally "moving window of 479 light availability" with open canopies, productive and diverse understories, and coupling of overstory and 498 understory plant layers. This conclusion has interesting implications for management practices 499 intended to restore or accelerate the presence of old forest characteristics in younger or managed 500 stands, particularly on floodplains. It is important to note in a management context, that it is as 501 much the variability in openness as openness itself that is an attribute of such older stands 502 (Frazer et al. 2000b) . 503
In our data, open canopies allowed vigorous growth of dominant shrubs while tree canopies 504 created "shade refuges" where less competitive understory species persisted. 
S3. Species cover variations along ordination axes
In some circumstances, it can be misleading to interpret a linear correlation coefficient of species abundance over a compositional or environmental gradient, particularly in the absence of a scatterplot . A number of features common to community datasets can make a linear correlation coefficient misleading either by under-representing a relationship that exists (nonlinear response, solid response curve, and outliers) or over-representing one that does or does not exist (zero truncation and outliers). We have attempted to avoid such interpretation 
S4. Canopy openness and light transmission compared to other forests
Median site openness (highly correlated with light transmission) at Kitlope and Carmanah (~11%) appears to be higher than the median openness of upland old-growth on the wetter west side of Vancouver Island (~7.5%) and similar to the median openness on the drier east side of Vancouver Island (by visual comparison to boxplots of Frazer et al. 2000) . Median percentage light transmission at Kitlope and Carmanah is higher than reported for most streamside, midslope or hillslope forests sampled in Oregon by Sarr and Hibbs (2007) . Roburn (2003) 
